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Abstract

Many conceptual designs for ASTOVL aircraft
nced exhaust nozzles that can vector the jet to provide
forces and moments for controlling the aircraft’s move-
ment or attitude in flight near the ground. A type of
nozzle that can both vector the jet and vary the jet flow
area is called herein a vane nozzle. Basically, the nozzle
consists of parallel, spaced-apart flow passages formed
by pairs of vanes (vanesets) that can be rotated on axes
perpendicular to the flow. Two important features of
this type of nozzle are the abilities to vector the jet
rearward up to 45° and to produce less harsh total pres-
sure and velocity footprints during vertical landing than
does an equivalent single jet.

A one-third-scale model of a generic vane nozzle
was tested with unheated air at the NASA Lewis
Research Center’s Powered Lift Facility. The model had
three parallel flow passages. Each passage was formed
by a vaneset consisting of a long and a short vane. The
longer vanes controlled the jet vector angle, and the
shorter controlled the flow area. This report presents
nozzle performance for three nominal flow areas (basic
and £21 percent of basic area), each at nominal jet vec-
tor angles from —20° (forward of vertical) to +45°
(rearward of vertical). The tests were made with the
nozzle mounted on a model tailpipe with a blind flange
on the end to simulate a closed cruise nozzle, at tailpipe-
to-ambient pressure ratios from 1.8 to 4.0.-Also included
are jet wake data, single-vaneset vector performance for
long/short and equal-length vane designs, and pumping
capability. The pumping capability arises from the sub-
ambient pressure developed in the cavities between the
vanesets, which could be used to aspirate flow from a
source such as the engine compartment. Some of the per-
formance characteristics are compared with character-
istics of a single-jet nozzle previously reported.

Introduction

Several programs have been conducted at the
NASA Lewis Research Center to advance the technology
needed for practical advanced short-takeoff, vertical-
landing (ASTOVL) aircraft. These programs included
studies and testing of hot-gas ingestion, integrated

aircraft /propulsion controls, and ducting and nozzles for
engine exhaust systems.

Many conceptual designs for ASTOVL aircraft
need exhaust nozzles that can vector the jet to provide
forces and moments for controlling the aircraft’s move-
ment or attitude in flight near the ground. An example
is shown in Fig. 1. The ventral nozzle can be used for
pitch trim or control in hover or for acceleration and lift
augmentation during a short takeoff. The thrusters at
the wing roots can be vectored for yaw trim or sideways
travel or to provide roll moment by varying the thrust
(i.e., the flow area) between the two sides.

At NASA Lewis the work with exhaust systems
consisted of both experimental and analytical investiga-
tions using the PARC3D computational fluid dynamics
code.1 In addition, the detailed performance of a vec-
torable ventral nozzle, called the swivel nozzle, was
reported previously.4 That nozzle is pictured in Fig. 2.
It consists of a rectangular flow opening in a shell that
can be pivoted on an axis parallel to the opening. The
model tested could be vectored £23°, which is near the
feasible limit with this type of design. Flow area was not
varied but could have been varied easily by adjusting
each half of the shell independently.

Another type of vectorable nozzle is called herein
the vane nozzle. The generic model tested and reported
in this paper is shown in Fig. 3. It is not a cascade noz-
zle but consists of three separate, spaced-apart pairs of
vanes (vanesets) that form three parallel flow passages.
(A nozzle of this type had been considered for use as a
ventral lifting thruster in a program involving the E-7
full-scale model a.ircra.fi’.,5 but that part of the program
was cancelled before testing was started.) Two impor-
tant features of this nozzle are the abilities to vector
flow rearward 45° and to produce less harsh jet total-
pressure and velocity footprints during vertical landing.
The improvement in footprint is due to the spaced-apart
Jjets, which dissipate energy more rapidly than an equiv-
alent single jet. This characteristic was reported in
1964.°

In the present model (again refer to Fig. 3) the
front and rear vanes in each vaneset were adjusted sepa-
rately. The longer (rear) vane controlled the jet vector



angle, and the shorter (front) vane controlled the flow
area. The long/short vaneset design was chosen because
geometric layouts showed that the expected jet discharge
angle was uniquely dependent on the longer vane angle
for large changes in flow area. Conversely, vanesets hav-
ing vanes of equal length might produce odd discharge
vector angles near the zero vector (pure lift) position,
resulting in difficult or impossible control problems.
These geometric observations were tested experiment-
ally, and the results, which were different than expected,
are given in an appendix to this report.

The performance of other types of vane nozzles has
been report;ed.7 Also, a vane nozzle with spaced-apart
jets and movable vanes was recently patented (U.S.
patent 6,076,512).

This report presents the performance of the vane
nozzle with unheated air for three nominal flow areas
(basic and +21 percent of basic area), each at nominal
jet vector angles from —20° (forward of vertical) to
+45° (rearward of vertical). Performance was measured
at the NASA Lewis Powered Lift Facility with the vane
nozzle mounted on a model tailpipe with a blind flange
on the end to simulate a blocked cruise nozzle, at
tailpipe-to-ambient pressure ratios PR; up to 4.0. Also
included are jet wake data, single-vaneset vector per-
formance for long/short and equal-length vane designs,
and pumping capability. The pumping capability arises
from the subambient pressure developed in the cavities
between the vanesets, which could be used to aspirate
flow from a source such as the engine compartment.
Some of the performance characteristics are compared

with the swivel nozzle characteristics reported
previously.4
Apparatus

Model

The generic vane nozzle tested is shown in Figs. 3
and 4. It consisted of three parallel, spaced-apart pairs
of vanes (vanesets) that could be rotated on pivot axes
perpendicular to the flow. The jet vector angle was con-
trolled by varying the angular position of the longer
(rear) vanes, and the flow area was controlled by vary-
ing the angular position of the shorter (front) vanes
relative to the rear vanes. The rear vanes could be set at
angles from —20° (forward of vertical) to +45° (rear-
ward of vertical). The front vanes were positioned with
a spacer block to give flow passage widths of 1.14 in.
(Apoeic)s 090 in. (0.79 A, ), or 1.38 in. (1.21 Ay .;.)-
(See Appendix A and Fig. 8 for nomenclature.) For
every test the measured positions of the corresponding

vanes in each vaneset were the same within 0.2°. The
vanes were locked in place by clamps on the pivot
shafts. The shafts were roughened with nickel-chromium
flame spray to prevent slipping due to high hinge mo-
ments from pressure forces on the vane surfaces in some
of the tests. Rubber seals were installed at the ends and
at the pivot of each vane to prevent leakage. Holes were
drilled in the sideplates to inject air into the spaces
between vanesets for the pumping capability tests; these
holes were plugged for the performance tests. The spaces
between vanesets were divided by a structural wall on
the axial centerline, giving a total of four injection
cavities.

The vane nozzle was mounted on a model tailpipe
as illustrated in Fig. 5. Two honeycomb flow straighten-
ers and a boundary layer trip were located in the transi-
tion section to ensure uniform flow and a turbulent
boundary layer into the model. The tailpipe had a blind
flange at the end to simulate a blocked cruise nozzle,

Blocks to close off the front and rear flow passages
for comparative performance tests of single vanesets hav-
ing long/short or equal-length vanes are sketched in
Fig. 6. The blocks were shaped to provide smooth inflow
to the center vaneset position for those tests.

Facilit

Powered Lift Facility.—The tests were performed
at the NASA Lewis Powered Lift Facility (PLF), which
is shown in Fig. 7. The PLF is a large outdoor test
stand with a three-axis force-measuring system. With an
8-in.-diameter standard nozzle the force measurement
was found to have +0.5, —1.5 percent inaccuracy in the
axial (thrust) direction and 40, —2.0 percent inaccuracy
in the vertical (normal force) direction at nozzle pressure
ratios from 1.8 to 3.5. The force measurement inaccura-
cies were mostly systematic in nature.

The facility supplied unheated air to the model
from the laboratory central air system. Airflow rate was
measured by an ASME long-radius nozzle in the supply
line upstream of the model. With the 8-in.-diameter
standard nozzle the measured flow rate was found to
have 0.5 percent inaccuracy at nozzle pressure ratios
from 1.4 to 5.

The inaccuracies of the facility measuring systems
at the low flow and force levels encountered in the
single-vaneset vector tests are not known. However, the
data from those tests were consistent and repeatable;
thus, the relative accuracy from test to test is believed
to be very good.



Auxiliary air supply.—The system used to provide
airflow to the cavity openings for the pumping capabil-
ity tests is shown in Fig. 8. All hose lengths were the
same to promote equal flow to each cavity. The orifice
and associated piping were calibrated in a flow labora-
tory and had +1 percent measurement inaccuracy.

Instrumentation and Data Processing

Instrumentation

The model station and instrumentation diagrams
are given in Fig. 9. Because flow total temperature was
assumed to be constant throughout the model, only the
facility thermocouples at the model inlet were used. Air-
flow was measured by an existing ASME nozzle in the
facility piping upstream of the model.

The rake used to measure plume total pressure is
shown in Fig. 10. It was mounted with the tips 17 in.
from the exit plane for tests with both the vane nozzle
and the swivel nozzle described previously.*

Data Processing

After airflow in the model had become steady, 20
“snapshot” scans of the transducer data were made at
the rate of one scan per second. These data were con-
verted to engineering units, averaged, and recorded by
the laboratory central data system. The final computa-
tions were batch processed from the averaged data on a
mainframe computer. The discrete pressures at sta-
tions 5 and 6 (see Fig. 9) were averaged to obtain single
values of total pressure at those stations.

Procedure

Vane Shaft Deflection Tests

Before the model was mounted on the PLF, each
vane was loaded with deadweights, putting up to
1500 in.-1b of torque on the pivot shaft to calibrate vane
surface deflection due to hinge moment and to proof test
the clamping mechanism.

Performance Tests

Each rear vane was set and clamped at the desired
deflection angle, and then each front vane was set for
the desired flow area by using a spacer block resting on
the associated rear vane. All vane angles were measured
before and after a test to be sure slipping had not
occurred. Performance data were obtained at selected

tailpipe-to-ambient pressure ratios PR, from 1.8 to 4.0

or to the PRy where the measured hinge moment was
about 1350 in.-lb. Measured hinge moments were com-
puted from the surface pressure taps on the center
vaneset.

Jet Wake Tests

For the jet wake tests the vanesets were set as in
the performance tests. Rake pressure data were obtained
at PR; = 3 for two axial rake positions, spaced 1 in.
apart. The tests were repeated with the swivel nozzle
described previou::xly.4

Single-Vaneset Vector Tests

For the single-vaneset vector tests the front and
rear flow passages were blocked as shown in Fig. 6, and
the total pressure rake at station 6 was removed. The
center vaneset was set as in the performance tests, and
data were obtained at PRy from 1.8 to 3.4.

Pumping Capability Tests

Preliminary tests showed that the nozzle developed
subambient pressure in the cavities between the spaced-
apart vanesets that could be used to aspirate air from an
outside source such as the engine compartment. The
quantity of air at atmospheric pressure that could be
flowed through the largest round holes in the sideplates
(see Fig. 4) was less than the nozzle was capable of
pumping. In order to explore the capability, an auxiliary
air supply was used to blow air into the cavities, Wall
pressure taps in the cavities, protected from direct flow,
were used to measure cavity pressure—the assumption
being that maximum pumped flow occurred when the
cavity pressure rose to equal ambient pressure.

For the pumping capability tests the vanesets were
set as in the performance tests, and data were obtained
at a pumped flow ratio of 1.5 percent for PR up to 3.5
(simulated engine compartment ventilation rate on the
ground). For one of the tests all the available auxiliary
air was injected into only one of the four cavities.

Results and Discussion

Typical and summarized results of the tests are
presented in this section. The experimental data leading
to these results, plus a list of symbols and definitions,
are given in several appendices. The angle and force
notation that is used throughout this report is shown in
Fig. 8.



Nozzle Performance Tests

Performance of the vane nozzle over its range of
throat areas and vane angles is summarized in Fig. 11.
These results are cross-plotted from the extensive experi-
mental data in Appendix B.

Force parameters (Figs. 11(a) to (d)) are not given
at the 45° long-vane angle §; 1, because the jet impinged
on the facility structure to nullify the load cell measure-
ments. For all the other §; 1, settings tested, the general
trends of the force parameters were similar for the three
throat areas and for PRy of 2 and 3. Both the thrust
force ratio T/F and the normal force ratio N/F changed
smoothly as the long vanes were deflected. Trends in
both the thrust and normal force ratios generally follow
the “cosine law.” The thrust force ratio was less at
higher PR for several reasons (such as changing cavity
pressure) but mostly because of aerodynamic limitations
on vane internal surface pressures that are discussed
under the forces and jet angle subsection in Appendix B.
The effective jet deflection §; varied smoothly as the
vanes were moved and was uniquely dependent on §y y.
The force coefficient was low, approximately 0.9, rela-
tive to other jet propulsion nozzles because of internal
expansion losses and /or subambient pressure that devel-
oped on some of the nonflow surfaces of the nozzle.
Typical surface pressure distributions are shown in
‘Appendix B.

Flow parameters (Figs. 11(e) to (g)) were depen-
dent on the short-vane angle égy,. For the tests 6gy, was
adjusted to give the desired nominal geometric flow area
after 8y, was set. The same geometric flow area did not
provide constant referred airflow over the full range of
61 y- However, a constant airflow rate could easily have

been obtained by appropriately programming égy rela- -

tive to ;. The discharge coefficient was reasonably
constant over most of the §;y range and is probably
high enough to lead to moderate nozzle size and weight
for many applications.

Hinge moments on the vane pivot axes are shown
in Figs. 11(h) and (i). Moments were high on vanes that
turned the flow. Both the long- and short-vane hinge
moments were in directions that tended to open the
throat. Throat area is sensitive to these geometric
changes and likewise would be sensitive to vane warping
from pressure or temperature.

Pressure in the cavities between the vanesets
(Fig. 11(j)) was subambient for all conditions tested.
This pressure could be used to aspirate air from an out-
side source, as discussed in the next section.

Pumning Tests

The capability of this nozzle to pump air into the
subambient-pressure cavities between the spaced-apart
vanesets was tested by blowing air into the cavities (see
Apparatus section). The data obtained with this method
are believed to be similar to those that would have been
measured if the same mass of air were aspirated into the
cavities through large holes from a static source, such as
the surrounding atmosphere. The results shown in this
section are summarized from the data in Appendix C.

Figure 12 shows the nozzle performance when equal
fractions of the injected air w,,, were blown into each
of the four cavities. The w, , was metered at a constant
1.5 percent of the measured tailpipe flow. This ratio was
chosen to be representative of engine compartment ven-
tilation flow. Relative to the case of no cavity inflow at
the same tailpipe pressure ratio, cavity pressure was
reduced further, the force coefficient increased, and the
effective jet angle and tailpipe flow rate did not change
significantly.

Figure 13 shows the performance when all w,,
was pumped into one of the four cavities. The injection
air cavity pressure (Fig. 13(a)) decreased as the pumped
flow ratio increased while the pressure in the other three
cavities remained at the w,,, = 0 level. This result
implies that each of the cavities could pump the same
W, 8iving a large total pumped flow ratio similar to
that of an ejector. The other parts of Fig. 13 show
performance parameters measured in the same test. As
pumped flow ratio increased, the tailpipe airflow
(Fig. 13(b)) decreased and the force -coefficient
(Fig. 13(d)) improved. No instrumentation was mounted
to study these unusual results, but they were probably
caused by interactions as the tailpipe and pumped flows
mixed within the nozzle body.

Jet Wake Test

The total pressure on the lateral centerline of the
nozzle plume was measured with the rake shown in
Fig. 10. Data were obtained for both the vane nozzle
(121 Ay, =541 in?) and the swivel nozsle?
(A = 62.1 in.%) to demonstrate the effects of breaking
the jet into long narrow pieces.

As shown in the sketches in Fig. 14, the rake tips
were positioned in a measuring plane 17 in. from the
nozzle exit. For the one-third-scale model this distance
is equivalent to the typical ground height of an
ASTOVL aircraft at touchdown. Wakes from the vane



and swivel nozzles are compared in Fig. 14. The peak
pitot pressure and indicated Mach number are both sub-
stantially less for the vane nozzle, although the plume is
larger in size. The maximum total pressure in the wake
corresponds to the maximum pressure on a ground plane
the same distance from the nozzle exit, as described by
Higgins and Wa.inwright.6 Thus, the pressure and veloc-
ity footprints of an ASTOVL aircraft would be less
harsh with the vane nozzle than with a single-jet nozzle
such as the swivel nozzle. Also, the acoustic noise {over-
all sound pressure level) produced by the wake from the
vane nozzle would be expected to be less than that from
an equivalent single-jet nozzle because the jet velocity
decays faster.

Single-Vaneset Vector Tests

Tests of single vanesets consisting of long-plus-
short or two long vanes were made by using the blocks
sketched in Fig. 6 to close off the front and rear flow
passages in the nozzle. The tests were done to determine
the flow and vector characteristics of these different
vaneset design concepts. Graphical layouts showed that
the vector direction of the geometric throat was not
uniquely related to vane position for vanes of equal
length if throat area was kept constant. (The geometric
throat is defined herein as the plane in the flow passage
having minimum width.} Similar layouts showed that
vanesets having a long and a short vane did not show
the same characteristic; rather, a chosen throat vector
direction could be obtained only with a singular setting
of the longer vane. This feature was maintained over a
wide range of throat areas by choosing a suitable length
and angular setting for the short vame. The results
given in this section are summarized from the data in
Appendix D.

The performance of a vaneset having two of the
long vanes from the vane nozzle is shown in Fig. 15. The
effective jet angle varied smoothly over the vector range
tested, even though the geometric throat direction
changed in an S-shaped manner. The geometric throat
positions are illustrated by sketches in the figure.

The behavior of a vaneset with a long rear vane
and a short front vane, as used in the vane nozzle tests
reported herein, is shown in Fig. 16. Both the geometric
‘throat and the effective jet angle varied smoothly over
the vector range tested. The jet always turned forward
a few degrees more than directed by the geometric
throat, which is attributed partially to expansion pres-
sure on the long-vane surface downstream of the throat,
as in a single-expansion ramp nozzle (SERNS). Also, the
jet turned about twice as much as with the equal-length

vanes for the same vane angular travel (compare with
Fig. 15). This characteristic would improve control re-
sponse in an ASTOVL aircraft.

Concluding Remarks

Tests were done to demonstrate the performance of
a one-third-scale vane nozzle mounted in the ventral
position on a model tailpipe. The nozzle had three
spaced-apart vanesets. Each vaneset consisted of a long
rear vane and a short front vane. The jet vector angle
was controlled by the longer vanes, and the flow area by
the shorter vanes. Tests were performed with unheated
air over a range of tailpipe-to-ambient pressure ratios
PR; up to 4 for three nozzle flow areas and nominal jet
vector angles from —20° (forward of vertical) to +45°
(rearward of vertical). However, reliable force data were
not obtained at jet vector angles above +30°. The most
important results of these tests are the following:

1. The jet vector angle varied smoothly as the
long-vane angle was changed. At PR; = 3 the resultant
force moved from —16° to +29° when the long vanes
were moved from —19° to +30°. It is believed that the
jet continued to vector smoothly for deflection of the
longer vane up to +45°, but reliable force data were not
obtained to verify that performance.

2. The nozzle thrust performance was poor relative
to that of other convergent nozzles. The measured force
coefficients were 0.90 or less over most of the tested
ranges. Thrust losses mainly were caused by internal jet
overexpansion and interactions, by subambient pressures

. on exposed surfaces, or by both.

3. The airflow rate was controlled by the position
of the short vane relative to the long vane, which caused
a throat to form in the opening between the vanes. Per-
formance trends were generally similar for throat areas
from 0.79 to 1.21 times the design throat area.

4. The nozzle flow capacity was acceptable. The
measured discharge coefficients were greater than 0.92
over most of the tested ranges.

5. Subambient pressures were developed in the four
compartment-like cavities between vanesets. Air from a
sepa.ra.ﬁe source in amounts up to 1.5 percent of the tail-
pipe flow was injected equally into the cavities and
caused no significant changes in nozzle performance. Up
to 4.5 percent of the tailpipe flow was injected into only
one of the cavities without increasing cavity pressure,
implying that the nozzle could be made to pump large
quantities of air, like an ejector.



6. The peak footprint velocity and pressure were
less than those caused by another nozzle, having a single
jet, that could be suitable for similar applications
(swivel nozzle). These results are attributed to the long,
narrow, spaced-apart jets from the vane nozzle, which
dissipate energy more rapidly than a single jet.

7. Tests of single vanesets having equal-length and
long/short vanes showed significant differences in flow-
turning performance. The long/short design turned the
jet through a larger vector angle than the equal-length
design for the same angular travel of the vanes, and the

“discharge and force coefficients were as good or better
than with equal-length vanes.

This type of nozzle has features that could make it
attractive for flight application, such as wide ranges of
throat area and jet vectoring and a less harsh total-
pressure and velocity footprint than other useful vector-
ing nozzles. At the same time the vane nozzle is compar-
atively complex in configuration and has high hinge
moments, long seal runs, and low thrust performance.

Appendix A

Symbols and Definitions

Also see Figs. 3(c) and (d).

Symbols

A geometric throat area, in.2

AA

change in geometric throat area, in.z; computed
from geometry and hinge moments

nozzle discharge coefficient; defined herein as the
measured nozzle airflow divided by the ideal
airflow that could pass through the same nozzle
throat at the same tailpipe (station 5) total
pressure and temperature

nozzle force coefficient; defined herein as the
measured combined thrust and normal forces
divided by the ideal force that could be produced
by the same (measured) airflow at the same tail-
pipe (station 5) total pressure and temperature

F nozzle resultant force, 1b

hinge moment produced by pressure forces on
the vane surfaces, in.-lb

S

Mach number

Z

normal (vertical) force, Ib

P pressure, psia

PR area-averaged total pressure divided by ambient
pressure :
thrust (horizontal) force, Ib
airflow, 1b/sec

é in flow or force context the ratio of total pres-
sure to 14.696 psi

é in angle context the vane deflection or effective
jet angle measured from the vertical direction

8 ratio of total temperature to 518.7 °R

Subscripts

amb ambient

aux  auxiliary (cavities’ total inflow for pumping
capability tests)

basic design value

cav  cavity between vanesets

Jo et

LV  long vane

nom nominal value; measured during configuration:
setup with no airflow

RV  rear vane

SV short vane-

¢ total

th throat

v vaneset

0 performance characteristic with w,,, =0

5 station 5 (see Fig. 9)

6 station 6 (see Fig. 9)

Definitions

normal force divided by nozzle
resultant force, N/F

Normal force ratio

Pumped flow ratio  auxiliary airflow rate divided by

tailpipe airflow rate, w,, /ws
Referred airflow tailpipe airflow referred to sta-
tion 5 conditions, (wV/6)s,
Ib/sec
Thrust force ratio thrust force divided by nogzzle
resultant force, T/F



Appendix B

Nozzle Performance Tests

Tests of the vane nozzle assembled -on the model
tailpipe as illustrated in Fig. 5 were performed with
unheated air over a range of tailpipe-to-ambient pressure
ratios PRy from 1.8 to 4. The vanes were set to the
desired positions with no airflow, as described in the
- Procedure section. The vane angles and throat area thus
set are termed “nominal” values. With airflow, hinge
moments were calculated from surface pressures meas-
ured on the center vaneset (Fig. 9(b)). Both the long-
and the shori-vane hinge moments were in directions
that tended to open the throat. Assuming that hinge
moments were the same for the other two vanesets, the
nominal vane angles and the throat area were corrected
for changes due to the hinge moments for each data
reading. The corrected values were used in computing all
test results shown in Figs. B-1 to B-5. Performance
parameters are plotted against PRy for three nominal
throat areas and nominal long-vane angles 6y, ., from
—20° to +45°.

Hinge Moments and Geometry Changes

The measured hinge moments are shown in parts
(a) and (b) of Figs. B-1 to B~5. Typically, hinge
moments increased with PR; and were highest on vanes
that turned the airflow.

The hinge moments changed the vane angles as
shown in parts (c) and (d) of the figures, and the throat
area as shown in parts (e). Vane angle changes were as
high as 2° for the aecrodynamic and structural designs
used in this model. The increase in throat area was on
the order of 10 percent over much of the tested ranges.
Throat area changes due to vane twisting may not be as
significant in flight hardware, depending on vane size
and construction and pivot shaft stiffness.

Airflow

The measured tailpipe airflow referred to station 5
is shown in parts (f) of Figs. B-1 to B-5. For each
nominal throat area the flow increase with PRy was due
mainly to vane deflections from hinge moments in the
model tested. The discharge coefficient CD 5 given in
parts (g) of the figures is based on the corrected throat
area. The coefficients are greater than 0.92 except for
some of the configurations at low values of PRy and for
the 1.21 Ay case at Oy ., = 45° (Fig. B-5(g)). In
the latter instance the flow rate may have been reduced
by separation from the long vanes at the sharp flow turn
near the vane pivots. ’

Forces and Jet Angle

The force coefficient, the normal force ratio, the
thrust force ratio, and the effective jet angle are plotted

“in parts (h), (i), (j), and (k), respectively, of Figs. B-1

to B~4. The force coefficients were 0.9 or less over most
of the tested ranges. This level is considered low for con-
vergent noszles. At &py ., = —20° (Fig. B-1) the
thrust and normal force ratios were relatively constant
over the whole PR, range for all throat areas. The prob-
able reason is that the flow passages, illustrated in
Fig. B-6(a), resembled and performed as simple conver-
gent nozzles. In contrast the thrust force ratio decreased
and - the normal force ratio increased with PRy at
Orypom Settings of 20° and 30° (e.g., Figs. B-3
and B-4, parts (i) and (j)). Similar results for SERN
nozzles at nozzle pressure ratios between 2 and 3.5 were
reported previously.® This behavior is linked to the flow-
side vane surface pressures upstream of the throat. The
pressures measured at two different choked values of
PR; are shown in Fig. B-7. As exemplified by these
data, the flow was subsonic everywhere upstream of the
throat, and the internal Mach number and surface pres-
sure distributions were essentially the same at each PR;.
This made the internal force acting on each vane
approximately proportional to inlet total pressure. From
momentum principles and disregarding other compara-

tively small forces (such as net forces from cavity pres-

sure, expansion pressures on the long vanes downstream
of the throat, and turning pressure forces on the vane
supports upstream of the pivot axes), the measured
thrust is the difference between the front and rear vane
forces and thus tends to be proportional to nozzle total
pressure or pressure ratio. In the choked PR; range noz-
zle total force F changed with pressure ratio at a greater
rate than thrust, leading to a lower thrust force ratio
T/F as PR, increased. Similar reasoning can explain the
increasing normal force ratio N/F as PR increased.

The effective jet angle is given in parts (k) of
Figs. B-1 to B-5.

The measured results imply that the vanes tested
were too small (or too few in number) to turn the flow
fully at higher values of PR;. For rearward vectoring
(+6Ly) performance might have been improved if the
longer vanes were positioned in the front of each vane-
set, but that configuration was not tested.

Cavity Pressure

Pressure levels measured in the cavities between the
vanesets are given in parts (1) of Figs. B-1 to B—4 and
part (h) of Fig. (B-5). The cavity pressure was always
subambient, and the depression increased with higher
nozzle flow rate and higher PR;. Although the pressure



levels plotted were measured in the cavities, the levels
are representative of pressures measured on the nonflow
sides of the vanes.

Vane Surface Pressures

Pressures measured on the surfaces of the center
vaneset in the Ay,  configurations are given in
Figs. B-6 and B-7. The sketches are drawn to scale and
illustrate vane positions for typical configurations that
were tested. The inflow arrows are shown to suggest that
the flow entering the nozzle probably had turned from
the tailpipe more than the intended 90°, as reported in
tests of ventral nozzles.!™ Significant flow separation
from the surface of the rear vane at the +45° angle
(Fig. B-6(c)) is indicated by the low pressures measured
near the pivot.

The data are presented for information with no fur-
ther comment and may be useful in understanding the
performance results and in designing other vane nozzles.

Pressure Loss

The total pressure lost by the flow in turning from
the tailpipe (station 5) to the nozzle inlet (station 6)
was measured by tubes located as sketched in Fig. 9(a).
The averaged loss (Fig. B-8(a)) ranged from about
1 percent to 3.5 percent for all the configurations tested.
The loss was dependent only on tailpipe flow rate, or
Mach number, as expected. Figure B-8(b) shows that
most of the loss occurred in the forward part of the
ventral duct, as with other ventral nozzle configura-
tions.l At the highest referred flow rate the loss in the
flow entering the front vaneset was over 12 percent, but
the loss in the flow to the other two vanesets was about
0.5 percent.

The curves in Fig. B-8 can be used to refer CD 5 to
nozzle inlet pressure rather than to tailpipe pressure by
using appropriate one-dimensional isentropic ﬂow
equations.

Appendix C

Pumping Tests

The capability of the vane nozzle to pump air from
an outside source was studied by blowing air from an
auxiliary supply w,,, into the cavities between vanesets
as described in the Procedure section. The inlets for the
injected air were perpendicular to the thrust and normal
force axes. Equal fractions of w,, were injected into
each of the four cavities. Blowing was necessary because

the largest round holes that could be drilled in the cav-
ity outside wall were not large enough to provide the
desired flow from atmospheric pressure. The data ob-
tained by this technique are believed to satisfactorily
describe the pumping characteristics of this. type of
nozzle.

Nozzle performance for a pumped flow ratio of
1.5 percent, nominal basic throat area, and several long-
vane angles is given in Figs. C-1 to C—4. The cavity
pressure, parts (c) of the figures, was always less than
the pressure with no injected flow, and the pressure was
further reduced as PRy increased. The injected air did
not affect the effective jet angle significantly. In general,
the force coefficient increased when air was injected,
indicating that the ingested flow joined the vane flow
and left the nozzle at high velocity. However, the force
improvement was less, on a percentage basis, than the
increase in nozzle exit airflow.

Appendix D

Single-Vaneset Vector Tests

The forces produced by single vanesets were studied
with vanes mounted only at the center position on the
nozzle and with the front and rear flow passages blocked
as shown in Fig. 6. The vanes were set at selected angles
as described in the Procedure section. In these tests the
hinge moments were not measured, so that vane angle
and throat area changes were calculated from data in
Appendix B. Because of the low tailpipe airflow and the
rounded entrance blocks, the measured total pressures at
stations 5 and 6 were the same.

The performance of a vaneset consisting of two long
vanes from the vane nozzle is shown in Fig. D-1 for
nominal basic throat area and nominal rear vane angles,

RV nom ranging from —18.9° to +5.0°. For PR; greater

than about 2.5 the effective jet angle 4. changed from
—4° to +4°, or a total of approxmateiy 8°, over the
tested range of vane angles. The discharge coefficient
CD 5 Was dependent on PR and also on the vane set-
tings when 6py was less than —9.5°. For PRy greater
than 2.5 the force coefficient CF5 varied from 0.94 to
0.97, and the discharge coefficient Cp,5 varied from 0.86
to 0.97 for all the vane angles tested. The lower values
of CD g were obtained with 6z set at large negative
angles, which required the flow to turn from the tailpipe
more than 90°.

The performance of a vaneset having a long rear
vane and a short front vane, as used in the vane nozzle
tests, is given in Fig. D-2 for nominal basic throat area
and nominal rear vane angles from —5.4° to +19.9°.
These angle settings required about the same amount of



vane travel as the equal-length vane configuration shown
in Fig. D-1. The Jj changed a total of 20° and varied
rather uniformly over the range of §,, tested. The dis-
charge coefficient increased with PRy but was not
dependent on vane angle. Likewise, the force coefficient
Crs was greater than 0.95 for all PR and vane settings
tested.

The major performance difference between the two
vaneset designs was in flow-turning capability. For
about the same vane travel the vaneset with long/short
vanes changed §. about 20°, as opposed to only about
8° for the vaneset with equal-length vanes. The force
coefficients were nearly the same at higher values of PR,
for both designs. The discharge coefficients were compa-
rable except at large negative &gy settings with the
equal-length vane configuration (see Fig. D-1(b)).
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Figure C-4.—Performance with pumped air for nominal long-
vane angle of 30°. Pumped flow ratio, 1.5 percent; nominal
throat area, Apggic-
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Figure D-1.—Measured performance of single vaneset with two long vanes.
Nominal throat area, Ap,sic; geometric throat paralied to thrust axis when

SRV = —7.5°.
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Figure D-2.—Measured performance of single vaneset with long rear vane

and short front vane. Nominal throat area, Ay,.4;.; geometric throat

parallel to thrust axis when 8gy, = ~7.5°
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